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INCREASED LEFT VENTRICULAR (LV) mass is a strong independent predictor of cardiovascular morbidity and mortality (22) . Although high blood pressure is the leading cause of LV hypertrophy (LVH) (9) , not all hypertensive patients develop LVH (32) . The correlation between the level of high blood pressure and LV mass is poor.
Factors other than blood pressure are recognized to be important in the development of LVH, including humoral factors such as catecholamine (7, 31) and ANG II (1, 27) , the age at onset of high blood pressure (12) , body size or obesity (21) , insulin sensitivity (28) , and genetic background (25, 34) . Indeed, variations of the angiotensin-converting enzyme (14, 29) and aldosterone synthase (Cyp11b2) (18) gene have been suspected to influence LV mass.
With the use of crosses between hypertensive strains, between a hypertensive and a normotensive strain, and between normotensive strains, several linkage studies have indicated the existence of loci influencing LV mass independently of blood pressure (3, 8, 10, 11, 26, 30) . Identification of genes contributing to LVH will help in evaluation of a patient's risk and provide clues to better therapeutic strategies.
In the present study, we used an animal model, spontaneously hypertensive rats (SHR/Izm), in an attempt to clarify the quantitative trait loci (QTL) influencing LV mass. With the recent development of rat and human genetic maps and comparative genetic maps (35) , the present study may provide important clues to the identification of human genes contributing to LVH.
METHODS

Experimental animals and genetic crosses.
We studied 49 male F2 rats from an intercross of the SHR/Izm and normotensive Lewis rat (LEW/Crj) strains. These strains were chosen because of the relatively large phenotypic and genotypic differences between them; these provide the contrast required for informative linkage analysis. The SHR/Izm strain was obtained from Funabashi Farm (Funabashi, Japan). The LEW/Crj strain was obtained from Charles River (Atsugi, Japan).
Male SHR/Izm rats were mated with female LEW/Crj rats to produce F1 rats. Ten F1 male and ten F1 female rats were intercrossed to produce an F2 population consisting of 49 male rats. Only those litters with 11-15 pups were included in the present study. All animals were fed standard laboratory rat chow and had ad libitum access to drinking water. A 12:12-h light-dark regimen was maintained throughout the study. The study protocol was approved by the Ethical Committee of Shiga University of Medical Science.
Determination of phenotypes. Arterial pressure was measured by the direct intra-arterial method in conscious animals at 24 wk of age. Body weight was measured, and the rats were anesthetized briefly with pentobarbital sodium (50 mg/kg ip) for insertion of polyethylene catheters (PE-50) into the right femoral artery. The catheters were passed under the skin and exposed in the interscapular region, and the rats were allowed to recover in individual cages with ad libitum access to food and water. Four days after the operation, mean arterial pressure (MAP) was recorded for 30 min with continuous sampling after stabilization of blood pressure. Blood pressure was measured between 2 and 5 P.M. Ventricular mass was determined by removing the whole heart, excising the atria, and dissecting the right ventricular wall from the LV and interventricular septum. Ventricles were blotted dry of blood before they were weighed.
Genotyping. DNA was isolated from the liver by use of standard procedures. PCR amplification was used to determine the genotype of the F2 animals at microsatellite loci that are polymorphic in the LEW/Crj ϫ SHR/Izm cross. We used 160 microsatellite markers with an average intermarker distance of 12.5 centimorgans (cM) for a genome-wide scan. The rat genetic markers used in the present study were based on a previous report (15) and on information from Research Genetics (Huntsville, AL).
Linkage and statistical analysis. The linkage map was constructed using the Map Manager QT version 3.0b28 computer program (23, 24) . After the map was constructed, we localized QTL relative to the position of the microsatellite markers as follows.
First, simple associations between the genotype at each locus and phenotypic variables were assessed by using ANOVA techniques. In addition, a linear regression analysis was performed using a dominant, recessive, or codominant genetic model [homozygous for LEW/Crj allele (LL) ϭ 0, heterzygous (LS) ϩ homozygous for SHR/Izm allele (SS) ϭ 1 (dominant); LL ϩ LS ϭ 0, SS ϭ 1 (recessive); LL ϭ 0, LS ϭ 1/2, SS ϭ 1 (codominant)]. Marker loci that gave ANOVA or regression model F test P Ͻ 0.1 were considered significant.
The second step of analysis involved a stepwise multiple regression analysis. Only loci that produced P Ͻ 0.1 in the first step were included in this second analysis.
The third step involved estimation of the approximate position of individual QTL by use of composite interval mapping (17, 38) or multiple QTL model mapping (16) with the Map Manager QT computer program. These are based on the multiple QTL model. Like simple interval mapping, composite interval mapping evaluates the possibility of a target QTL at multiple analysis points across each intermarker interval. However, at each point it also includes the effect of one or more background markers. The inclusion of a background marker in the analysis helps in one of two ways, depending on whether the background marker and the target interval are linked. If they are not linked, inclusion of the background marker makes the analysis more sensitive to the presence of QTL in the target interval. If they are linked, inclusion of the background marker may help separate the target QTL from other linked QTLs on the distal side of the background marker (37, 38) . Some other studies (5, 13, 33) that utilized multiple QTL model mapping have been reported.
The results of the composite interval mapping were recorded as the likelihood ratio statistic. The likelihood ratio statistic can be converted to a conventional base-10 logarithm of odds (LOD) score by dividing it by 2ln 10 (24). The threshold values were taken from the guidelines of Lander and Kruglyak (20) , in which the suggestive and significance thresholds of the dominant/recessive model are 2.0 and 3.4, respectively, and the suggestive and significance thresholds of the codominant model are 1.9 and 3.3, respectively.
RESULTS
Characterization of the phenotypes of the LEW/Crj, SHR/Izm, and F2 rats. Table 1 shows the characterization of the phenotypes of the LEW/Crj, SHR/Izm, and F2 male rats at 24 wk of age. Significant differences were observed for MAP and LV mass between male rats of the LEW/Crj and SHR/Izm strains. There were also differences in body weight between the LEW/ Crj and SHR/Izm strains.
Trait correlations calculated within F2 rats were as follows. Body weight was positively correlated with LV mass, with a high correlation coefficient (r ϭ 0.617, P Ͻ 0.0001). MAP was also positively correlated with LV mass (r ϭ 0.372, P ϭ 0.009). Body weight was not significantly correlated with MAP (r ϭ 0.019, P ϭ 0.9). As described in previous reports (2), a strong linear relationship between LV mass and body weight (r ϭ 0.617, P Ͻ 0.0001) allowed us to remove the influence of body weight from LV mass. We tried to remove the influence of body weight by adjusting LV mass in a regression with body weight as the covariate. We calculated the predicted LV mass by inputting the body weight of the LEW/Crj, SHR/Izm, and F2 rats on the regression line of the F2 rats. The values were expressed as the LV mass index, which was calculated by dividing LV mass by the predicted LV mass. There were differences in the LV mass index between the LEW/Crj and SHR/Izm strains (Table 1 ). Blood pressure was positively correlated with the LV mass index (r ϭ 0.497, P ϭ 0.0003).
Coverage of the genetic linkage map. Table 2 shows the genomic coverage of the polymorphic markers. The selected genetic markers gave an average genome marker distance of 12.5 cM.
Composite interval mapping. Tables 3 and 4 summarize the analysis of the chromosomal mapping of QTL that influenced MAP and the LV mass index. Multiple regression analyses revealed that a pair of loci Values are means Ϯ SD; n, number of male rats. MAP, mean arterial pressure; LVM, left ventricular mass. * P Ͻ 0.05 compared with SHR/Izm, † P Ͻ 0.05 compared with F2 (Tukey's honestly significant difference).
[D7Mgh16 (codominant) and D2Rat15 (dominant)] had significant effects on MAP (Table 3 ). The multiple regression analyses also revealed that two pairs of loci [the pair D17Rat52 (dominant) and D1Rat84 (recessive) and the pair D7Rat112 (codominant) and D2Rat15 (dominant)] had significant effects on the LV mass index (Table 4) .
The composite interval mapping revealed two QTLs for the LV mass index on chromosomes 17 and 7 and one QTL for MAP on chromosome 7. The QTL for the LV mass index on chromosome 17 was determined using the dominant model with D1Rat84 as a cofactor, and the QTL for the LV mass index and MAP on chromosome 7 was determined using the codominant model with D2Rat15 as a cofactor.
Loci linked to LV mass independent of MAP. The locus on chromosome 17 was located around D17Rat52 (Fig. 1) . The LOD score of the LV mass index at D17Rat52 was 3.71, which was above the significance threshold of the dominant model (3.4). The average value of the LV mass index for rats homozygous for the SHR/Izm alleles at D17Rat52 was ϳ7% greater than Chromosomal distribution, size of the largest gap between neighboring markers, and approximate chromosomal coverage are defined as the average fraction of the chromosome localized within 10 or 20 centimorgans (cM) of any polymorphic marker. n, Number of markers. Values are means Ϯ SD of number of animals in parentheses. Results obtained by multiple regression analysis are also shown: r ϭ 0.578, intercept ϭ 0.927, P Ͻ 0.0001 for D17Rat52 and D1Rat84 and r ϭ 0.622, intercept ϭ 0.864, P Ͻ 0.0001 for D7Rat112 and D2Rat15.
that for rats homozygous for the LEW/Crj alleles (Fig.  2) . The LV mass index of heterozygous rats was similar to that of rats homozygous for the SHR/Izm alleles, suggesting a dominant mode of inheritance for the increased LV mass at this locus. The LOD score of MAP at D17Rat52 was 0.41 ( Fig. 1) , which was not above the significance threshold of the dominant model. There were no significant differences in MAP among rats grouped according to genotype at the D17Rat52 locus (Fig. 2) . The LOD score of the LV mass at D17Rat52 was 2.41 in the dominant model (data not shown), which was above the suggestive threshold of the dominant model (2.0); however, it was not above the significance threshold of the dominant model. The LOD score of body weight at D17Rat52 was 0 in the dominant model (data not shown). The three groups defined by genotype at the D17Rat52 locus showed no differences in body weight (Fig. 2) .
Locus linked to LV mass and MAP. We found another locus on chromosome 7 linked to the LV mass index and MAP (Fig. 3) . The locus for the LV mass index was located at D7Rat112. The LOD score of the LV mass index at the locus was 3.45, which was above the significance threshold of the codominant model (3.3). Rats homozygous for the SHR/Izm alleles at the D7Rat112 locus had an LV mass index ϳ11% greater than that of rats homozygous for the LEW/Crj alleles ( Fig. 4) . The value of the LV mass index of heterozygous rats at this locus was intermediate between the LV mass indexes of the homozygous rats, suggesting that the mode of inheritance is codominant. This locus was linked to MAP, with an LOD score of 3.95 (Fig. 3) , which was higher than the significance threshold of the codominant model (3.3). There were also significant differences in MAP between rats homozygous for the SHR/Izm allele and those homozygous for the LEW/Crj allele at the D7Rat112 locus, with higher values in those homozygous for the SHR/Izm allele (Fig. 4) . The LOD score of LV mass at the locus between D7Rat112 and D7Rat20 was 3.39 in the codominant model (data not show), which was above the significance threshold of the codominant model. The LOD score of body weight was 0.85 in the recessive model (data not shown), which was not above the significance threshold of the recessive model (3.4).
DISCUSSION
We found a locus that influenced the LV mass index independent of MAP on rat chromosome 17. The locus was located around D17Rat52. D17Rat52 was near 17qter. Pravenec et al. (26) reported that, in recombinant inbred strains derived from SHR and normotensive Brown-Norway rats, the marker of dopamine 1A receptor (Drd1a) on chromosome 17 showed a strong correlation with LV heart weight, but not with blood pressure. However, the marker for Drd1a was located on 17p14, which is far from 17qter. The gene for glutamic acid decarboxylase 2 (Gad2) is located near D17Rat52 (35) . Glutamic acid decarboxylase catalyzes the synthesis of ␥-aminobutyric acid from glutamic acid. The relevance of this gene to the phenotypic variance in LV mass is not clear. There is little information on genes near the locus around D17Rat52. Yagil et al. (36) reported the existence of a QTL for blood pressure at a locus around D17Mgh5 in their study that used female F2 rats derived from saltsensitive Sabra hypertension-prone and salt-resistant Sabra hypertension-resistant rats. The QTL was also reported in the cross of the Dahl salt-sensitive and Lewis rats (4). However, we could not confirm this locus in our study.
The locus that influenced MAP and the LV mass index on chromosome 7 was near D7Rat112. The genes for lysozyme (Lyz), interferon-␥ (Ifng), and hyaluronan synthase 2 (Has2) are located near D7Rat112 (35) . The relevance of these genes to the phenotypic variance in LV mass and blood pressure is not clear. Garrett et al. (6) reported a locus that influenced heart weight and blood pressure around D7Mit5 in a cross of Dahl saltsensitive and Lewis strains. This locus is near those for steroid 11␤-hydroxylase (Cyp11b1) and aldosterone synthase (Cyp11b2). In their study, the Lewis allele was associated with higher blood pressure and increased heart weight. On the other hand, in the congenic and interval mapping studies with Dahl saltsensitive and Dahl salt-resistant strains, the Dahl saltsensitive rat Cyp11b allele was associated with higher blood pressure and increased heart weight than was the Dahl salt-resistant rat Cyp11b allele (2) . Considering these conflicting findings, we cannot conclude that Cyp11b1 or Cyp11b2 was the gene responsible for blood pressure and LV mass QTL. However, the ratio of aldosterone to plasma renin activity of the SHR/Izm strain was significantly higher than that of the LEW/ Crj strain in our study: 28.6 Ϯ 4.4 versus 60.0 Ϯ 12.2 pg ⅐ ml Ϫ1 ⅐ ng Ϫ1 ⅐ ml Ϫ1 ⅐ h Ϫ1 (P Ͻ 0.05). Thus Cyp11b2 might be a candidate gene for causing high blood pressure and LVH in the SHR/Izm model.
Although some other loci have been reported previously, they were not detected as QTL for blood pressure in the present study. For example, the renin locus was reported to be associated with blood pressure variation in an F2 population derived from SHR and Lewis rats (19) . However, this locus was not identified as a QTL for blood pressure in the present study. This might be due to strain differences or the relatively small number of rats analyzed in the present study.
In conclusion, our findings indicate not only the existence of a gene on chromosome 7 that influences LV mass in a manner dependent on blood pressure but also the existence of a gene on chromosome 17 that influences LV mass independently of blood pressure.
